To determine the effects of aging on the human myocardium, 67 
O ne of the major difficulties encountered in the study of the effects of age on the cardiovascular system is the differentiation of the aging process itself from the presence of specific disease states. Atherosclerosis, diabetes, and ischemic heart disease are common events in humans, and the severity of these pathological conditions increases with age. Because the contribution of these variables to the alterations of the aged myocardium cannot easily be separated from the aging phenomenon alone, the changes of the heart throughout life are therefore the result of multifactorial events in which aging plays an important but indistinguishable role.1 There is no temporal reference point that can be used to distinguish between maturational changes beyond sexual maturity and the aging changes per se, since they are both controlled by time as a critical factor.'-3 Thus, the issue of whether aging of the heart has to be regarded as a successful adaptation or as a progressive disease state remains a matter of controversy, with data being accumulated in support of the former1-4 and the latter.5-9 However, it is well established that in both humans and animals myocyte proliferation occurs shortly after birth'0-13 and that the growth of the heart, during the relatively early phases of postnatal life and long before sexual maturity is reached, is controlled by hypertrophy of myocytesl213 and hyperplasia of capillary endothelial cells and interstitial fibroblasts. 13 Although DNA synthesis with ploidy formation in adult human cardiac myocytes has been described,14-17 this phenomenon does not alter the number of muscle cells and/or muscle cell nuclei in the tissue, so that the total number of myocytes or myocyte nuclei in the ventricle can be used as an absolute reference parameter for the evaluation of the effects of aging on the myocardium. This approach was used in the present investigation to determine whether myocyte cell loss accompanies the life span of humans and may constitute the underlying cause for the occurrence of congestive heart failure in the elderly.
with traumatic injury, 2) death within 5 days after hospitalization in which medical history and laboratory and physical findings excluded cardiovascular disease processes, 3) no previous medical record of hypertension, diabetes, or ischemic heart disease, 4) body weight not in excess of 20% or lower than 20% of the optimal weight according to sex, height, and age, and 5) absence of clinically recognized systemic disorders such as malignant neoplasia, connective tissue diseases, genetically linked illnesses, and acquired immunodeficiency syndrome.
Autopsy criteria for exclusion from the study. These criteria were as follows: 1) atherosclerosis of the major coronary arteries resulting in discrete reductions of vessel diameter >30% (this assessment was performed by sectioning the coronary arteries perpendicular to their course with cuts -0.5 cm apart and comparing vessel diameter at the atherosclerotic region with that above and below the atherosclerotic plaque; when a constricted site was found, a segment of the vessel was removed, maximal and minimal internal diameters were determined using a dissecting microscope having an ocular micrometer accurate to 0.05 mm, and the geometric mean value was calculated18; a similar procedure was followed above and below the constriction), 2) severe atherosclerosis of the epicardial arteries and aorta with its major branches, 3) aortic aneurysms, 4) valvular abnormalities including atherosclerotic lesions at the insertion of the cups, 5) acute and/or healed myocardial infarction, 6) heart weight >500 g, which has been considered to correspond to pathological hypertrophy,19-21 7) diffuse emphysema and chronic inflammatory processes of the respiratory system, and 8) presence of an unrecognized malignant neoplasm with multiple metastatic localizations.
Histological criteria for exclusion from the study. These criteria were as follows: 1) neoplasms of the hematopoietic system, 2) amyloidosis, tuberculosis, and sarcoidosis, 3) diffuse interstitial and perivascular fibrosis of the myocardium, 4) thickening and hyalinosis of the intermediate-sized vessels of the coronary tree, 5) multiple foci of replacement fibrosis greater than 2 mm in diameter, 6) presence of inflammatory cells in the myocardial interstitium, and 7) sites of myocytolytic and contraction band necrosis.
By applying these three sets of criteria, the initial selection of 238 cases was reduced by 103 cases at the autopsy. After histological examination, only 67 (44 males and 23 females) of the remaining 135 hearts were used for quantitative analysis. Importantly, the selection process using light microscopic observation of tissue sections was accomplished in a coded fashion so that the two observers (G.O., M.M.) involved in the screening were unaware of the characteristics of the cases under study.
Briefly, the major causes for exclusion at the gross morphological level were severe atherosclerosis of the aorta and epicardial coronary arteries, including coronary occlusion and myocardial infarction (81 cases), cardiac hypertrophy with heart weight >500 g (four cases), severe pulmonary emphysema (16 cases), and diffuse neoplasia (two cases). By histological examination, 66 cases were excluded because of diffuse morphological damage of the myocardium, and two cases were excluded as a result of cardiac amyloidosis.
Preparation of Myocardial Specimens
After excision of the heart, the great vessels were trimmed off, the blood was removed by opening atrial and ventricular chambers, and the weight was recorded. This initial heart weight measurement included the epicardial fat and both atria. Subsequently, the atria were dissected along the atrial ventricular groove, and the coronary arteries were cut perpendicular to their course for the assessment of the degree of atherosclerosis. The epicardial fat was then carefully removed, the valves were cut free, and the weights of the left ventricle inclusive of the septum and right ventricular free wall were determined. Ventricular mass volume was then computed by dividing ventricular weight by the specific gravity of muscle tissue, 1.06 g/ml. 22 The two ventricles were sliced into nine to twelve 10-mm-thick sections, perpendicular to the major axis of the heart from the apex to the base. Wall thickness was estimated by averaging 10 equally spaced measurements from each of the two middle tissue sections of each ventricle, which represented the portion of the ventricle halfway between the base and the apex of the heart. These determinations were restricted to the free wall of both ventricles. Moreover, the trabeculae carneae and papillary muscles attached to the wall were not included in the assessment of wall thickness. Subsequently, the two middle slices of the free wall of each ventricle were cut radially to obtain tissue fragments extending from the endocardial to the epicardial surface. These samples were fixed in 10% buffered formalin and embedded in glycol methacrylate. At the time of embedding, each specimen of the left ventricle was divided in two regions comprising the epimyocardium and endomyocardium. This 
The aggregate volume of myocytes in the ventricle [V(m)T] was then derived from the ventricular volume measurement (V) and V(m)v:
The total number of myocyte nuclei in the ventricle
[N(n)T1] was computed from N(n)v and V(m)T: All morphometric data were collected blindly, and the code was broken at the end of the experiment. Correlation coefficients between each set of data and age were determined by linear regression analysis. 24 Comparisons between slopes were made by the analysis of covariance,24 and values of p<0.05 were considered to be significant.
Results
During a period of -2 years, 1,176 autopsies were performed at the University Hospital of Parma Medical School. This number included the autopsies executed in the Department of Pathology as well as those carried out by the medical examiner. Sixtyseven cases, which represented 5.7% of the autopsies, were considered to be characteristic of normal aging according to the criteria described in "Materials and Methods." In these patients, death was not the result of primary heart disease processes or the consequence of major risk factors of coronary artery disease, including hypertension, diabetes, obesity, and/or severe atherosclerosis. The autopsy report and the histological examination of all organs excluded diffuse, metastatic malignant neoplasms and chronic inflammatory states. Tables 1 and 2 show the characteristics of the subjects studied within different decades and the patient distribution according to the terminal event. In the 39 individuals who died suddenly as a result of traumatic injury, a complete medical history could not be obtained. Their suitability for investigation was based on the absence of a previous hospital record and on the fact that the autopsy failed to reveal underlying pathological processes, with the exception of the damage associated with the acute trauma. Since, from available information, systemic hypertension could not always be excluded, careful histological examination of the kidney and brain was performed. In no instance were lesions of intermediate and small-sized arteries and arterioles of brain and kidney tissues found, strongly suggesting that hypertension was not present in these individuals. Acute infection was found to be present in 10 of the 67 cases, whereas brain hemorrhage, pulmonary thromboembolism, and gastrointestinal hemorrhage occurred in six, eight, and four patients, respectively. These 28 cases, in which death occurred in association with a disease condition, were included in the study since the pathological states developed only terminally and, at most, had little effect on the heart. The relation between body weight and aging in the 67 cases examined indicated that body weight decreased by 113 g/yr, but this change was not statistically significant. By plotting the individual values of heart weight inclusive of the atria and epicardial fat as a function of age, it was found that heart weight increased by an average 0.36 g/yr (data not shown). However, this increment was also not statistically significant.
When the muscle mass of the left ventricle and septum combined were examined in the absence of epicardial fat, a statistically significant decrease in this weight parameter was demonstrated with aging ( Figure 1) . From the value of the slope it could be seen that left ventricular and septal weight diminished by 0.70 g/yr. A similar phenomenon was observed in the right ventricle (Figure 2 ), but the decrement in weight was only 0.21 g/yr. Thus, the reduction in weight of the left ventricle was threefold greater than that of the right ventricle (p<0.001).
Although ventricular weight and body weight changed in a similar fashion with age, the ratios of left ventricular weight/body weight and right ventricular weight/body weight continued to decrease from 17 to 90 years of age. The change in the left side of the heart (-0.006 g/kg/yr) was greater than that in the right side (-0.002 g/kg/yr) (p<0.001). The effects of aging on the thickness of the left and right ventricular free walls were also examined. In both instances, wall thickness remained essentially constant up to 90 years of age. Throughout the life interval studied, wall thickness measured 13.6±+1.5 mm in the left ventricle and 4.9+1.1 mm in the right ventricle.
Light microscopic examination of the methacrylate-and paraffin-embedded tissue sections failed to reveal foci of replacement fibrosis >2 mm in diameter or diffuse interstitial and perivascular fibrosis. It should be pointed out, however, that isolated areas of reparative fibrosis were occasionally seen in the endomyocardium of the left ventricle and the left portion of the interventricular septum. In no case were amyloid deposits detected in the wall of the intramural branches of the coronary tree and/or in the interstitium.
The morphometric analysis of the volume fractions of myocytes and interstitium in the myocardium demonstrated that the muscle cell compartment varied with aging ( Figures 3 and 4) . This parameter was found to increase in both ventricles. Consequently, a statistically significant decrease was measured in the volume percent of the interstitium as a function of age (data not shown). However, the lack of perfusion fixation in the preparation of the tissue prevented a detailed estima- tion of the vascular and nonvascular components of the extracellular space of the myocardium. The primary determinations used for the quantitative measurements of the changes in myocyte cell size and number involved the evaluation of the number of myocyte nuclear profiles per unit area of myocytes. In both ventricles, this parameter decreased with age, but this change was statistically significant only in the right ventricle (left ventricle, L.1/mm2/yr, r=0.20, p>0.05; right ventricle, L.8/mm2/yr, r=0.3l, p<0.05). In contrast, the longitudinal diameter of myocyte nuclei increased, but only in the left ventricle (left ventricle, 0.015 ,um/yr, r=0.26, p<0.05; right ventricle, -0.006 ,um/yr, r=0.15, p<0.2). These changes resulted in a reduction in the number of myocyte nuclei per unit volume of myocytes with aging in both ventricles. In the left side, the numerical density of myocyte nuclei per cubic millimeter of myocytes diminished by 132 nuclei/yr (r=0.28, p<0.05) and in the right side by 143 nuclei/yr (r= 0.27, p<0.05).
By plotting the total number of myocyte nuclei in the left ventricular myocardium of each heart as a function of age ( Figure 5 ), it was found that these two variables were inversely related. Aging was accompanied by a decrease in myocyte nuclei of 38 million/yr. A comparable analysis in the right ventricle showed a loss of 14 comparing the slopes of the two ventricles, a 2.7-fold greater magnitude of myocyte nuclei loss was detected in the left myocardium; this difference was statistically significant (p<0.001). Figure 7 depicts the changes in myocyte cell volume per nucleus with aging in the left ventricle. This cellular parameter increased by 110 ,m3/yr, from 17 to 90 years of age. Myocyte cell volume per nucleus was also augmented in the right ventricle, and the degree of enlargement was 118 ,um3/yr (Figure 8) .
To determine the relation between myocyte growth and ventricular dimension, the ratio of myocyte cell volume per nucleus/ventricular volume was calculated in each heart for both ventricles. In the left ventricle, the positive linear correlation demon- Discussion The results of the present study indicate that aging effects alone on the human heart are characterized by the absence of morphological damage of the myocyte compartment of the myocardium. The lack of inflammatory cells and/or collagen accumulation in the interstitium further suggests the preservation of structural integrity qualitatively with aging. On the other hand, a decrease in cardiac mass due to a continuous loss of myocytes in the ventricles occurs as a function of age. In contrast, myocyte cell volume per nucleus progressively increases, tending to compensate for the loss of functioning muscle. Moreover, these quantitative alterations of the myocyte compartment of the myocardium are greater in magnitude in the left than in the right side of the heart. Finally, these cellular phenomena take place without changes in the thickness of the free wall of both ventricles.
Aging and Ventricular Weight
It is a general conviction that cardiac hypertrophy develops with age.3'13 Studies in humans have suggested that heart weight increases by 1 g/yr in men and 1.5 g/yr in women. 25 These observations are at variance with the current study, in which a consistent loss in myocardial mass was found. However, in previous reports,25-27 little attention was given to the E =L Q, 45,000. effects of pathological states of the heart and blood vessels on cardiac size. Normal aging was not distinguished from the superimposition of hypertension, valvular disorders, diabetes, and ischemic heart disease, which all increase in the elderly. Moreover, these aging-associated events affect the absolute weight of the heart and its major subdivisions.
Another potential source of difference between the current results and previous observations25-28 may lie with the modality of evaluation of the heart. We carefully dissected the epicardial fat tissue before weight measurements, whereas it was kept as part of the ventricular mass in the larger population studies. 25, 26, 28 In addition, a recent analysis of data from the Framingham study29 indicates that cardiac hypertrophy is not a necessary consequence of the aging process of the heart in humans. Such a conclusion was derived from echocardiographic evaluation of left ventricular mass in healthy individuals. 29 Although a reduced capacity of the aged heart to adapt to a mechanical stress has been repeatedly shown,1-3 cardiac pump performance at rest is preserved in the elderly.3 Thus, there is no functional basis supporting the possibility of a hemodynamic overload with age, which could sustain growth mechanisms in the myocardium and organ hypertrophy. Similar observations have been made in different animal models, in which normal physiological responses of the aged heart have been found in terms of global cardiac.function,5'30 muscle mechanics,31,32 and cell mechanics.4 These in vivo and in vitro studies tend to favor the concept that the alterations in the isotonic and isometric contraction characteristics of the aging myocardium represent adaptive compensatory phenomena that result in energy preservation.3 It should be pointed out, however, that prolongation of contraction duration and depression in the velocity of shortening and relengthening of muscles from aging rat hearts have been interpreted as factors that may increase the magnitude of systolic and diastolic stress in the intact ventricle. This condition would provide a mechanical stimulus for myocardial growth. still present in the left and right ventricles, respectively. Thus, these changes imply a 33% and 36% aggregate loss of nuclei in the left and right ventricles, respectively, during these age intervals. The factors responsible for the loss of nearly 35% of the cells in the ventricles are at present unknown. Ischemic injury may be a likely mechanism, since it has been suggested by Rakusan13 that capillary density decreases with aging. The reduced concentration of capillaries can be expected to produce a decrease in the endothelial surface accessible for oxygen exchange in the tissue and a greater diffusion distance for oxygen transport to the myocytes.36 These capillary characteristics may represent the structural basis for local ischemia, resulting in scattered loss of myocytes throughout the wall in the aging heart. A similar detrimental effect of aging on the capillary microvasculature and the ventricular myocytes has been described in rats.53137-41 Moreover, a decrease in coronary vascular reserve and an increase in minimal coronary vascular resistance have been reported in the same animal model,8 suggesting an increased vulnerability potential of the myocardium to ischemic episodes with aging.
The loss of ventricular myocytes with aging documented here is in contrast with previous observations in human hearts from birth to senescence.4243 The number of cells in these studies was found to remain constant in both the left and right ventricles up to 90 years of age. However, hearts with concentric and eccentric hypertrophy associated with valvular defects, hypertension, chronic pulmonary diseases, and congenital abnormalities were included in the quantitative analysis. 42 36 The current results have demonstrated that the aging process of the heart in humans is characterized by an increase in the volume fraction of myocytes in the myocardium and a corresponding decrease in the relative amount of the interstitium. A similar adaptation of the ventricular tissue has been shown to occur in experimental pressure-overload hypertrophy.'8 It should be pointed out, however, that the reduction of the interstitium does not imply a decrease of either the relative and absolute concentration of connective tissue. Although an expansion in the content of collagen has been suggested to take place in the human heart,48,49 contrasting results have also been reported.50 Thus, whether aging in humans is associated with significant changes in myocardial collagen remains a matter of controversy.
Limitations of the Study and Conclusions
There are several limitations in the current investigation that must be acknowledged: 1) The number of cases was relatively small and gender differences could not be evaluated. 2) Medical history was not available in a considerable number of patients, and in these cases the possibility of an underlying disease process could not be excluded with certainty in spite of a complete anatomic and histological examination.
3) The effects of diet, smoking habits, and living conditions could not be evaluated. All these factors may have influenced the accumulated results.
Although these limitations have to be considered, the results of the present study suggest that aging of the human heart appears to be characterized by myocyte loss, reactive myocyte cellular hypertrophy, and reduction in ventricular mass. These cellular processes may represent the underlying cause for the onset of myocardial dysfunction and failure in the elderly.
